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U s e  of   t rade names or names o f   m a n u f a c t u r e r s   i n   t h i s   r e p o r t   d o e s   n o t   c o n s t i t u t e  
an   o f f ic ia l   endorsement   o f   such   products  or manufac tu re r s ,   e i t he r   exp res sed   o r  
implied, by the  National  Aeronautics  and Space Administration. 



An investigation  has  been  conducted  in  the  Langley  16-Foot  Transonic  Tunnel t o  
de te rmine   t he   ae ropropu l s ive   cha rac t e r i s t i c s  of  twin  single-expansion-ramp  nozzles 
i n s t a l l e d   i n  a wing-body configuration  with  forward-swept  wings.  The conf igu ra t ion  
w a s  tested  with  and  without  canards.  The test, condi t ions  included  f ree-s t ream Mach 
numbers  of  0.60, 0.90, and  1.20,  an  angle-of-attack  range  from - 2 O  t o  14O, and a 
nozzle-pressure-rat io   range from 1.0 ( j e t  o f f )  to  9.0. The Reynolds number based on 
t h e  wing mean aerodynamic  chord  varied  from 3.0 X l o 6   t o  4.8 X 10 , depending on Mach 
number. 
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Aerodynamic c h a r a c t e r i s t i c s   f o r  the wing-afterbody-nozzle  and  the  wing-afterbody 
por t ions   o f   the  model were ana lyzed   t o   de t e rmine   t he   e f f ec t s   o f   t h rus t   vec to r ing   and  
t h e   e f f e c t s  o f   t he   cana rd .   Resu l t s   i nd ica t e   t ha t   t h rus t   vec to r ing  had a f avorab le  
e f f e c t  a t  a l l  test  cond i t ions  on the  wing-afterbody-nozzle l i f t   b u t  w a s  less favor- 
a b l e  on the  wing-af terbody  l i f t .   Thrust   vector ing  had no e f f e c t  on the   ang le  of 
attack  for  the  onset  of  inboard  f low  separation,  which  occurs  for  forward-swept 
wings. The canard w a s  found t o  have l i t t l e  e f f e c t  on t h e   t h r u s t - i n d u c e d   l i f t   r e s u l t -  
i n g  from t h r u s t   v e c t o r i n g .  

INTRODUCTION 

The miss ion   requi rements   for   the   next   genera t ion   of   f igh ter   a i rc raf t   imply  a 
h ighiy   versa t i le   vehic le   capable   o f   opera t ing   over  a wide  range  of f l i g h t   c o n d i t i o n s .  
This a i r c r a f t  w i l l  most l i k e l y  be  designed  for   high  maneuverabi l i ty   and  agi l i ty ,   be  
r equ i r ed   t o   ope ra t e   i n   an   ex t r eme ly   hos t i l e   env i ronmen t ,  and  possess STOL c a p a b i l i -  
t ies necessary  for   operat ion  f rom bomb-damaged a i r f i e l d s .  The f i g h t e r   a i r c r a f t   o f  
t h e   f u t u r e  may be des igned   fo r   supe r son ic   c ru i se   i n   o rde r   t o  maximize a t t ack   op t ions  
and  minimize  exposure t o   h o s t i l e   a c t i o n .  To provide  such  mult imission  capabi l i t ies ,  
new technology  concepts   such   as   th rus t   vec tor ing ,   th rus t   , revers ing ,   forward  wing 
sweep, vortex  f low  control,   and  close-coupled  canards  for  favorable  canard-wing 
i n t e r a c t i o n s  must  be  considered in   t he   f i gh te r   a i r c ra f t   des ign .   Consequen t ly ,  NASA 
has   cont r ibu ted   cons iderable   research   e f for t   to   the   deve lopment   o f   these   t echnologies  
( r e f s .  1 t o  8 ) .  

Th i s   pape r   p re sen t s   t he   r e su l t s   o f   an   expe r imen ta l   i nves t iga t ion  of a model 
which ut i l ized  three  advanced  technology  concepts :   forward wing sweep, nonaxisymmet- 
r i c  nozzles  with  thrust   vectoring,  and  close-coupled  canards.  The e f f e c t s  of t h r u s t  
vectoring  with  twin  single-expansion-ramp  nozzles were determined  for  a wing-body 
model with  forward-swept  wings. The conf igu ra t ion  w a s  tes ted  with  and  without   f ixed 
canards.  The wing  used i n   t h i s   i n v e s t i g a t i o n  w a s  h igh ly  cambered  and t w i s t e d   f o r  
maneuver conditions  and  had a d e s i g n   l i f t   c o e f f i c i e n t  of 0.90. This   inves t iga t ion  is 
a con t inua t ion  of an earlier study  of  the  effects  of  nonaxisymmetric  nozzles  with 
t h r u s t   v e c t o r i n g  on a wing-body conf igura t ion   wi th  uncambered  forward-swept  and a f t -  
swept wings ( r e f .  8 ) .  The combination  of a forward-swept  wing  with  nonaxisymmetric 
n o z z l e   t h r u s t   v e c t o r i n g  may have a f a v o r a b l e   e f f e c t  by reducing the inboard  flow 
s e p a r a t i o n  phenomenon,  which is typical   of   a . forward-swept   wing  f low  f ie ld .  

The c u r r e n t   i n v e s t i g a t i o n  w a s  ‘conducted in   t he   Lang ley  16-Foot  Transonic 
Tunnel. The test  condi t ions  included  f ree-s t ream Mach numbers  of  0.60, 0.90, 
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and 1.20, an  angle-of-attack  range from -2O t o  14O, and a nozzle-pressure-rat io   range 
from 1 .O ( j e t  o f f )   t o  9.0. Reynolds number based on t h e  wing mean geometric  chord 
va r i ed  from 3 .O x 1 O6 t o  4.8 x 1 06,  depending on Mach number. 

SYMBOLS 

Model f o r c e s  and moments are r e f e r r e d   t o   t h e   s t a b i l i t y - a x i s   s y s t e m   w i t h   t h e  
model moment r e fe rence   cen te r   l oca t ed  a t  FS 96.86. The symbols  used i n   t h e  computer- 
genera ted   t ab les  are g iven   i n   pa ren theses   i n   t he   s econd  column. A d i scuss ion   of   the  
data   reduct ion  procedure  and  def ini t ions of the  aerodynamic  force  and moment terms 
and  propuls ion  re la t ionships   used  herein are g iven   in   the   appendix .  

Amb, 1 

Amb, 2 

Aseal, I 

Aseal, 2 

CD 

‘D, a 

c ( ~ - ~ )  

C 
(Dn-F ) 

‘D, 0 

CL 

model c ros s - sec t iona l  area a t  FS 99.06, c m  2 

model c ros s - sec t iona l  area a t  FS 132.08, cm‘ 

c ros s - sec t iona l  area enclosed by seal  str ip a t  FS 99.06, 
c m  2 

c ros s - sec t iona l  area enc losed  by seal  s t r i p  a t  FS 132.08, 
c m  2 

(CDAERO) wing-afterbody-nozzle  thrust-removed  drag  coefficient,  

D 

9 WS 

Da 
( CDA wing-af terbody  thrust-removed  drag  coeff ic ient ,  - 

qoos 

(C(D-F) ) d r a g - m i n u s - t h r u s t   c o e f f i c i e n t   ( n e t   f o r c e ) ,  -, D - F  
- 

5 D - F )  
= CD a t  NPR = 1 .O q WS 

D - F  
( c ( D N - F ) )  nozzle   drag-minus- thrust   coeff ic ient ,  

n 

CD a t  CL = 0 and NPR = 1 .O 

( C L )  

C 
L, a (CLA) 

‘L, a e r o  

‘L,n ( CLN) 

( CLAERO) 

t o t a l   w i n g - a f t e r b o d y - n o z z l e   l i f t   c o e f f i c i e n t   ( i n c l u d i n g  

thrust   component),  - L i f t  - 
I CL - 

qms 
ae ro  

- a t  NPR = 1 .O 

wing-afterbody  thrust-removed l i f t   c o e f f i c i e n t  

wing-afterbody-nozzle  thrust-removed l i f t   c o e f f i c i e n t  

nozzle l i f t   c o e f f i c i e n t   ( i n c l u d i n g   t h r u s t   c o m p o n e n t ) ,  

Nozzle l i f t  

9ms 
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cL, 0 

'm 

'rn, a 

'm,n 

C 

D 

Da 

Dn 

F 

FA 

FA , Mbal 

F A ,  mom 

FA,n 

FA, Tbal 

Fj 

M 

Pes  , 1 

Pes , 2 

- 
- 

(CMA) 

(MACH ) 

CL a t '  a = Oo and NPR = 1 .O 

t o t a l   p i t c h i n g  moment c o e f f i c i e n t   ( i n c l u d i n g   t h r u s t  

T o t a l   p i t c h i n g  moment component), 
qoJsc 

- 

wing-afterbody  thrust-removed  aerodynamic  pitching 
moment c o e f f i c i e n t  

wing-af  terbody-nozzle  thrus  t-removed  pitching moment 
c o e f f i c i e n t  

nozz le   p i t ch ing  moment c o e f f i c i e n t   ( i n c l u d i n g   t h r u s t  

Nozzle  pitching moment component) , - 
q p  

wing mean geometric  chord,  18.707 c m  

wing-afterhody-nozzle  drag, N 

wing-afterbody  drag, N 

nozzle   drag,  N 

t h r u s t   a l o n g   s t a b i l i t y   a x i s  , N 

wing-af terbody-nozzle   axial   force,  N 

a x i a l   f o r c e  measured by main balance,  N 

momentum tare ax ia l   fo rce   due   t o   be l lows ,  N 

nozz le   ax i a l   fo rce ,  N 

a x i a l   f o r c e  measured by th rus t   ba l ance ,  N 

t h r u s t   a l o n g  body a x i s ,  N 

free-stream Mach number 

average s t a t i c  p res su re  a t  e x t e r n a l  seal a t  FS 99.06, Pa 

average s ta t ic  p res su re  a t  e x t e r n a l  seal  a t  FS 132.08, 
Pa 

ave rage   i n t e rna l  s ta t ic  p res su re ,  Pa 

average j e t  t o t a l   p r e s s u r e ,  Pa 

free-stream s t a t i c  pressure, Pa 

f ree-stream dynamic p res su re  , Pa 
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S 

Xe,Ye 

a 

A 

6 
V 

Subscr ip ts :  

C 

i n t  

P 

v l e  

vs  e 

W 

Abbreviations:  

A/B 

ADEN 

ASME 

BL 

FS 

NPR 

SERN 

S TOL 

WL 

wing re ference  area, 1241.65 c m  2 

coord ina tes  of n o z z l e   e x i t ,  c m  

angle  of a t t ack ,   deg  

increment 

geometr ic   turning  angle  (posi t ive d i r e c t i o n   d e f l e c t s  j e t  
flow downward) , deg 

canard 

l i f t   i n t e r f e r e n c e   d u e  t o  canard 

p o t e n t i a l   f l o w  

v o r t e x   e f f e c t  a t  leading  edge 

v o r t e x   e f f e c t  a t  s ide   edge  

wing 

a f t e r b u r n e r  

augmented de f l ec to r   exhaus t   nozz le  

American Society  of  Mechanical  Engineers 

b u t t   l i n e ,  c m  

fu se l age   s t a t ion   ( l oca t ion   desc r ibed  by d i s t a n c e   i n  
cent imeters  from model nose )  

nozz le   p re s su re   r a t io ,  pt,  j/pm 

single-expansion-ramp  nozzle 

short-f ie ld   take-off   and  landing 

water l i n e ,  c m  

APPARATUS AND PROCEDURE 

Mode 1 

General  arrangement.-  Photographs  of  the model are shown i n  figure 1. The over- 
a l l  ex terna l   geometry   o f   the  model is p r e s e n t e d   i n   f i g u r e  2. 
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The fuselage  had  rectangular   cross   sect ions  with  rounded  corners .  The body 
l i n e s  were chosen to   enc lose   the   in te rna l   p ropuls ion   sys tem  and  to  f a i r   i n t o   t h e  
af terbody  enclosing  the  nozzles .  The maximum width  and  height  of  the body were 
22.86 c m  and 12.70 c m ,  respec t ive ly ,   and   the  maximum body cross-sec t iona l   a rea  w a s  
284.78 cm2.  That po r t ion   o f   t he   con f igu ra t ion   a f t  of the  metr ic   break a t  fuse lage  
s t a t i o n  99.06 (afterbody,  wing,  and  nozzle) w a s  supported by the  model  main balance.  
A 0.16-cm gap  between  the  nonmetric  forebody  and  the metric a f t e r b o d y   ( t h a t   p o r t i o n  
of  the model  on  which fo rces  and moments are measured) w a s  r equ i r ed   t o   p reven t  
f o u l i n g  of t he  main balance. A f l e x i b l e  strip of  DuPont  Teflon  inserted  into slots 
w a s  used as a seal t o   p r e v e n t   f l o w   i n t o  or out   o f   the  model. The low c o e f f i c i e n t   o f  
f r i c t i o n  of  Teflon  minimized  restraints  between  the metric and  nonmetric  portions  of 
the  model. A metric break   for  a second  ba lance   ( th rus t   ba lance) ,  which supported 
nozzle  hardware  downstream  of FS 132.08, is shown i n   f i g u r e  2 and w a s  s e a l e d   i n  a 
manner similar t o   t h a t   f o r   t h e  main ba l ance .   In   t h i s   r epor t ,   t ha t   s ec t ion   o f   t he  
model between  the metric breaks  (between FS 99.06 and FS 132.08), including  the  wing, 
w i l l  be r e f e r r e d  to  as the  wing-afterbody. That s e c t i o n  of t he  model  from t h e   f i r s t  
metric break (FS 99.06) t o  the  end  of t he  model (FS 154.40), inc luding   the  wing, w i l l  
be r e f e r r e d   t o  as the  wing-afterbody-nozzle. 

Forward-swept  wing.- The planform  of  the  forward-swept wing is shown i n   f i g -  
ure  3. The reference-wing  planform is a lso   g iven  i n  t h e   f i g u r e .  "he reference  wing 
is rep resen ta t ive  of a 0.10-scale t a c t i c a l   f i g h t e r  and is the  forward-swept  wing 
desc r ibed   i n   r e f e rence  9. The re ference  wing  had an  area of 1241.65 c m  , a leading-  
edge  sweep  of 40°, a n   a s p e c t   r a t i o  of 4.0, and a t a p e r   r a t i o  of 0.40. Other dimen- 
s ions  are g iven   i n   f i gu re  3. The forward-swept  wing  had  both camber  and t w i s t ,  and a 
d ihed ra l   ang le  of 6 O ,  as shown i n   f i g u r e  2. The d e s i g n   l i f t   c o e f f i c i e n t  of t he  wing 
w a s  0.90. 
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The forward-swept  wing was s i zed  t o  t h e   s p e c i f i c a t i o n s  of  reference 9 and was 
used  with  the  fuselage  of   reference 8. Consequently,  the  exposed wing area was small 
r e l a t i v e   t o   t h e  body maximum c ross - sec t iona l   a r ea .  The wing w a s  loca ted   longi tudi -  
na l ly   t o   a l i gn   t he   nomina l   ex i t   p l ane  of  the  propulsion  nozzle  lower  f lap  with  the 
wing t r a i l i n g  edge   ( see   f ig .  2 ) .  The v e r t i c a l   l o c a t i o n  of t he  wing was a t  the  model 
c e n t e r   l i n e .  This wing loca t ion  was s e l e c t e d   t o  maximize i n t e r a c t i o n s  between the  
wing  and the   nozz le   wi th in   cons t ra in ts  of t he  model geometry. 

Canard.- The cana rd ,   i n s t a l l ed  on the  wing-body  model, is shown i n   f i g u r e  2. 
The canard was cambered  and  had a leading-edge  sweep  of 48O, a n   a s p e c t   r a t i o  of 
1.284, a t a p e r   r a t i o  of 0.40, and a dihedral   angle   of  1 3 O  when mounted  on t h e  
model. The exposed root chord  of  the  canard was 14.63 cm,  and the  exposed t i p  chord 
was 5.87 cm. The r a t i o  of the  exposed  canard area t o   t h e  wing re ference   a rea  w a s  
0.109. The canard w a s  located  upstream  of  the main balance metric break (FS 99.06) 
on the nonmetric part of t he  model. 

Twin-Jet  Propulsion  Simulation  System 

A sketch  of   the  twin-jet   propuls ion  s imulat ion  system is  p r e s e n t e d   i n   f i g u r e  4. 
This  propulsion  simulation  system w a s  also used   fo r   t he   i nves t iga t ion  of r e f e r -  
ence 8. An externa l   h igh-pressure  a i r  system  provides a continuous  flow  of  clean, 
d ry  a i r  a t  a control led  temperature   of   about  306 K a t  the  nozzle .  This high-pressure 
a i r  is b rough t   t h rough   t he   suppor t   s t ru t  by s i x  tubes. i n t o  a high-pressure  chamber. 
(See  f ig .  4.) Here t h e  a i r  is d i v i d e d   i n t o  t w o  separate   f lows  and is passed  through 
flow-control  valves.  These manually  operated  valves are used  to   balance  the  exhaust  
n o z z l e   t o t a l   p r e s s u r e   i n   e a c h   d u c t .  As shown i n   f i g u r e  5, t he  a i r  in   each   supply  
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pipe is  then   d i scharged   perpendicular ly   to   the  model axis through  e ight   sonic   nozz les  
equal ly   spaced  around  the  supply  pipe.   This  method is designed t o  e l imina te   any  
t r a n s f e r   o f   a x i a l  momentum as t h e  a i r  is passed from the  nonmetr ic  to t h e  metric 
por t ion   of   the  model. Two f l e x i b l e  metal bellows are used as seals and  serve t o  
compensate f o r   t h e   a x i a l   f o r c e s   c a u s e d  by p r e s s u r i z a t i o n .  The cavi ty   between  the 
supply pipe and  bellows is vented to  model i n t e rna l   p re s su re .   (See   f i g .  5 . )  The 
t a i l p i p e s  are connec ted   t o   t he   t h rus t   ba l ance  whose loads are then   t r ansmi t t ed   t o   t he  
main balance  through  the wing  and  thrust-balance  support   block. 

The a i r  is  then  passed  through  the tailpipes to   t he   exhaus t   nozz le s ,  as shown i n  
f i g u r e  4. A t r ans i t i on ,   i n s t rumen ta t ion ,  and  choke plate s e c t i o n  common t o  a l l  noz- 
z l e s  w a s  a t t a c h e d   t o   t h e   t a i l p i p e s  a t  FS 122.44 wi th  FS 132.08 being  the  nozzle  con- 
n e c t   s t a t i o n .  The nozzles  had s q u a r e   c o r n e r s   i n   t h e   d u c t  downstream  of  the  choke 
plate. The i n t e r f a i r i n g  between the   nozz les  w a s  r equ i r ed   t o   house   t he   ac tua to r   fo r  
the  remotely-controlled variable external   expansion ramps used   fo r   t h rus t   vec to r ing .  

The single-expansion-ramp-nozzle (SERN) concept   has  a two-dimensional  upper 
expansion ramp, which r e s u l t s   i n  a combined in te rna l /ex terna l   expans ion .   This   con-  
c e p t  i s  a d e r i v a t i v e  of  the  augmented  deflector  exhaust  nozzle (ADEN) of   reference 10 
and f e a t u r e s  e l l i p t i c a l  throa t   and   expans ion   sur face   contours .  The nozz le   t e s t ed  i s  
shown i n   t h e   s k e t c h e s  of f i g u r e  6 and  the  photographs  of  f igure 7. S t a t i c   p e r f o r -  
mance d a t a   f o r   t h i s   n o z z l e   c o n f i g u r a t i o n  are p resen ted - in   r e f e rence  11 .  

I n   t h e  model, t h e   e l l i p t i c a l   c o n t o u r s  have  been  approximated by a flow  path 
formed by semic i r cu la r  and s t r a igh t   l i ne   s egmen t s .  The nozz le   th roa t  area and 
i n t e r n a l - a r e a   r a t i o   ( e x i t - a r e a - t o - t h r o a t - a r e a   r a t i o )  are set  by an  adjustable   lower 
s u r f a c e   f l a p   a n d   s p a c e r s   t o   s i m u l a t e   r o t a t i o n  of t h e   t h r o a t  area c o n t r o l   f l a p .  Two 
nozzle  power s e t t i n g s  were t e s t e d  and  represented a d r y   o r   c r u i s e  power s e t t i n g   w i t h  
a model t h r o a t  area of 15.677 c m  and  an  af terburning (A /B)  power s e t t i n g   w i t h  a 
model t h r o a t  area of 27.032 c m  . The in t e rna l - a rea  ra t io  w a s  1.15 f o r   t h e   d r y  power 
s e t t i n g  and 1.21 f o r   t h e  A/B power s e t t i n g .  

2 
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Nozzle t h r u s t   v e c t o r i n g  w a s  accomplished by d e f l e c t i o n  of t h e   v a r i a b l e   e x t e r n a l  
expansion ramp. In   the  model, t he   va r i ab le   ex t e rna l   expans ion  ramp w a s  remotely 
ac tua ted .  

Wind Tunnel  and  Support  System 

Th i s   i nves t iga t ion  w a s  conducted in  the  Langley  16-Foot  Transonic  Tunnel, a 
s ing le- re turn ,   a tmospher ic  wind tunnel   wi th  a s l o t t e d ,   o c t a g o n a l  test s e c t i o n  and 
continuous a i r  exchange. The wind tunne l   has   con t inuous ly   va r i ab le   a i r speed  up t o  a 
Mach number of 1.30. Test-sect ion plenum s u c t i o n  is used  for  speeds  above a Mach 
number of 1 . lo.  From t h e   c a l i b r a t i o n  of t h e  wind tunne l ,   t he   t e s t - sec t ion  w a l l  
d ivergence is ad jus t ed  as a func t ion  of t h e  airstream dew poin t   and  Mach number.  The 
ad jus tment   e l imina tes   any   longi tudina l   s ta t ic -pressure   g rad ien ts   in   the  test  s e c t i o n .  
A c o m p l e t e   d e s c r i p t i o n   o f   t h i s   f a c i l i t y  and o p e r a t i n g   c h a r a c t e r i s t i c s   c a n  be found i n  
re ference  1 2. 

The model w a s  supported by a s t i n g   s t r u t   w i t h   t h e  model c e n t e r  of r o t a t i o n   i n d i -  
c a t e d   i n   f i g u r e  8. The s t r u t  had a 45O leading-edge sweep, a 50.8-cm chord,  and a 
5 - p e r c e n t - t h i c k   h e x a g o n a l   a i r f o i l   i n   t h e  streamwise d i r e c t i o n .  The model blockage 
r a t i o  w a s  0.0015 ( r a t i o   o f  model c ross -sec t iona l  area t o  t e s t - s e c t i o n  area) ,  and  the 
maximum blockage   ra t io   inc luding   the   suppor t   sys tem w a s  0.0020. S t r u t   i n t e r f e r e n c e  
e f f e c t s  were cons idered   to   be  small. 
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. Instrumentat ion 

The main balance  measured  forces  and moments r e s u l t i n g  from  the  nozzle  gross 
t h r u s t  and   t he   ex te rna l   f l ow  f i e ld   ove r  that p o r t i o n  of t h e  model a f t  of FS 99.06. 
(See f i g .  2.) The t h r u s t   b a l a n c e  measured forces and moments r e s u l t i n g  from t h e  
n o z z l e   t h r u s t  and the   ex te rna l   f l ow  f i e ld   ove r   t he   nozz le  boattail and i n t e r f a i r i n g  
a f t  of FS 132.08. (See append ix . )   F ive   p re s su re   o r i f i ce s   l oca t ed   i n   each  metric 
break  (FS 99.06  and FS 132.08) were used t o  measure  pressures   for  tare c o r r e c t i o n s  to  
each   ba l ance .   In t e rna l   cav i ty   p re s su res  were measured a t  four   loca t ions   and  were 
a l so   u sed   fo r   t hese  tares. Forebody a t t i t u d e   r e l a t i v e   t o   t h e   h o r i z o n t a l   c e n t e r   l i n e  
of t he  test  s e c t i o n  w a s  measured  by a c a l i b r a t e d   a t t i t u d e   i n d i c a t o r  mounted i n   t h e  
nose.  Angle  of  attack a, which is the angle   be tween  the   a f te rbody  center   l ine   and  
the r e l a t i v e  wind, w a s  determined by applying terms for   a f te rbody  def lec t ion   caused  
by  model  and balance  bending  under  aerodynamic  loads  and a f low  angu la r i ty  term t o  
t h e   a n g l e  measured by t h e   a t t i t u d e   i n d i c a t o r .  The f low  angular i ty   ad jus tment  w a s  
0 . l o ,  which is  the  average  angularity  measured  in  the  16-Foot  Transonic  Tunnel. 

Flow cond i t ions   i n   each   nozz le  were determined  from  four t o t a l  pressure  probes 
and  one to ta l   t empera ture   p robe   loca ted  a t  FS 129.5 i n   t h e   i n s t r u m e n t a t i o n   s e c t i o n  
a f t  of t he   t r ans i t i on   s ec t ion   and   choke   p l a t e .  All pres su res  were measured  with 
ind iv idua l   p ressure   t ransducers ,   and   tempera tures  were measured  with  iron-constantan 
thermocouples.   Since  the  choke  plate  and  nozzle  f low  instrumentation were downstream 
of   the  round-to-square  duct   t ransi t ion  sect ion (see f i g .  41, nozzle  performance 
parameters were independen t   o f   duc t   t r ans i t i on   e f f ec t s .  

As a check on the   adequacy   of   the   f low  ins t rumenta t ion ,   nozz le   to ta l   p ressure  
surveys were made ( r e f .  1 1 )  by t r a n s l a t i n g  a s h i e l d e d   t o t a l   p r e s s u r e   p r o b e  ( K i e l  
t ube )   ac ross   t he   f l ow  duc t   i n   t he   i n s t rumen ta t ion   s ec t ions .  These surveys were made 
a t  approximately  the same f u s e l a g e   s t a t i o n  as t h e   t o t a l   p r e s s u r e   p r o b e s   t h a t  were 
i n s t a l l e d   i n   t h e   i n s t r u m e n t a t i o n   s e c t i o n s .   S u r v e y s  were made a long   the   nozz le   hor i -  
zon ta l   and   ve r t i ca l   p l anes .  The nozzles  w e r e  surveyed a t  each p o w e r  s e t t i n g   i n   e a c h  
d u c t   i n   o r d e r   t o   d e t e r m i n e   t h e   e f f e c t s  of   any  geometr ical   d i f ferences on t h e   t o t a l  
p r e s s u r e   p r o f i l e s  a t  the   measur ing   s ta t ion .  The numer ica l ly   averaged   to ta l   p ressure  
from t h e   t o t a l   p r e s s u r e   t u b e s   i n   t h e   i n s t r u m e n t a t i o n   s e c t i o n  w a s  wi th in  0.2 pe rcen t  
o f   t he   i n t eg ra t ed   va lue  from t h e  K i e l  tube  surveys.  

A l l  data fo r   bo th   t he  model  and the  wind t u n n e l   f a c i l i t y  w e r e  recorded  s imulta-  
neously on magnetic  tape.  Approximately 50 frames  of data ,  taken a t  a rate of 
10 frames  per  second, w e r e  used   for   each  data poin t .  Average values  of  the  recorded 
d a t a  were used t o  compute s tandard  force  and moment coe f f i c i en t s   based  on  wing area 
and mean geometr ic   chord   for   re fe rence  area and   length ,   respec t ive ly .  

Te s ts 

Th i s   i nves t iga t ion  w a s  conducted  in  the  Langley  16-Foot  Transonic  Tunnel a t  Mach 
numbers  from 0.60 to  1 -20.  Angle  of a t t a c k  w a s  va r i ed  from -2O t o  14O , depending 
upon Mach number; n o z z l e   p r e s s u r e   r a t i o  w a s  va r i ed  from 1 .O ( j e t  o f f )  to  9.0,  depend- 
i n g  upon Mach number and  nozzle power s e t t i n g .  Basic d a t a  were obtained by hold ing  
nozzle-pressure-rat io   constant   and  varying  angle   of   a t tack.  Maximum al lowable  load 
limits on t h e  wing r e s t r i c t e d   t h e  maximum angle   o f   a t tack  a t  Mach numbers of  0.90 
t o  1.20.  Reynolds number based  on  the  wing mean geometr ic   chord  var ied from about  
3.0 x 10 t o  4.8 X l o6  a t  Mach numbers of 0.60 and  1.20, r e spec t ive ly .  6 
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A l l  tests were conducted  with 0.26-cm-wide boundary- layer   t rans i t ion  strips 
c o n s i s t i n g  of No.  100 s i l i c o n  carbide g r i t   s p a r s e l y  d i s t r ibu ted  i n  a t h i n   f i l m  of 
lacquer  (ref. 13) .  'Ihese strips were located 2.54 c m  from the t i p  of the forebody 
nose and  on  both the upper and lower surfaces of the  wings a t  5 p e r c e n t  of the wing 
chord a t  the  wing-fuselage  juncture  t o  10   percent  of the local streamwise chord a t  
t h e  wing t ip .  

RESULTS AND DISCUSSION 

The r e s u l t s  of t h i s   i n v e s t i g a t i o n  are p r e s e n t e d   i n   b o t h   d a t a  plots and tables. 
Se lec ted  cases of basic aerodynamic  data are p r e s e n t e d   i n   f i g u r e s  9 t o  17. Complete 
r e s u l t s   f o r   t h e   e n t i r e   i n v e s t i g a t i o n  are p r e s e n t e d   i n  table I for  t h e   d r y  power con- 
f igu ra t ion   w i th   cana rd   on ,   i n  table I1 for t h e   d r y  power configurat ion,   canard off , 
i n  table 111 f o r   t h e  A/B power configurat ion  with  canard  on,   and  in  table I V  for  t h e  
A/B p o w e r  conf igura t ion ,   canard   o f f .  

Ef fec t   o f   Thrus t   Vector ing  

The e f f ec t s   o f   t h rus t   vec to r ing   on   t he   ae rodynamic   cha rac t e r i s t i c s   fo r   t he   d ry  
power configuration  with  canard  on are p r e s e n t e d   i n   f i g u r e s  9 through 11 .  Resul t s  
for the A/B power configuration  with  canard  on are similar t o  t h e   d r y  power r e s u l t s  
and are not   p resented   graphica l ly .  The e f f ec t   o f   t he   cana rd  is d iscussed  later i n  
the   t ex t .  Note t h a t  a t  j e t - o f f   c o n d i t i o n s ,   t h e   t h r u s t  i s  equal  to zero ,   and   the  
drag-minus-thrust term C(D-F) is  e q u i v a l e n t  t o  t h e  t o t a l  d r a g  term CD. 

The l i f t  c u r v e s   i n   f i g u r e s  9 through 11 are n e a r l y   l i n e a r   u p  t o  a n   a n g l e  of 
a t t a c k   n e a r  8 O ,  where a b r e a k   i n   t h e  l i f t  curve slope occurs. This is most e v i d e n t  
a t  M = 0.90 f o r   e a c h   f i g u r e .  The b r e a k   i n   t h e   l i f t   c u r v e  slope i n d i c a t e s   t h e   o n s e t  
of E l o w  sepa ra t ion   on   t he  wing. Flow s e p a r a t i o n  on a forward-swept  wing most l i k e l y  
o c c u r s   i n i t i a l l y   a t   t h e  wing root r a t h e r   t h a n  a t  t h e  t i p ,  where it would o c c u r   f o r  a n  
af t -swept  wing. Thrus t   vec tor ing   has   no   e f fec t   on   the   onse t   o f   f low separation on 
the  forward-swept  wing.  (See,  for  example,  fig.  9(b) or lO(c) . )   Al though  th rus t  
vec to r ing   does   a f f ec t   t he  magni t u d e  of   the l i f t  curves ,  the angle   o f   a t tack  a t  which 
t h e   b r e a k   i n   t h e   l i f t   c u r v e  slope occurs   does   no t   vary   wi th   th rus t   vec tor   angle  &v 

A s  t h rus t   vec to r   ang le   i nc reases ,   t he re  i s  the   typ ica l   "c rossover"   o f  the i n d i -  
vidual  drag-minus-thrust  polars, wi th   each   c rossover   occur r ing  a t  success ive ly   h ighe r  
l i f t   c o e f f i c i e n t s .   ( S e e   f i g .   9 ( a )  or 10 (b ) . )  A t  maneuver condi t ions   (h igh   angles   o f  
a t t a c k ) ,   t h i s   c r o s s o v e r   e f f e c t   r e s u l t s   i n   d e f i n i t e  improvement i n   t h e   s u b s o n i c   d r a g -  
minus-thrust  polars wi th   increas ing   vec tor   angle .  This r e d u c t i o n   i n   d r a g   w i t h  
i n c r e a s e   i n   v e c t o r   a n g l e  is p a r t i c u l a r l y   s i g n i f i c a n t  a t  angle-of-attack  values  above 
t h a t   r e q u i r e d   f o r   t h e   o n s e t   o f   f l o w   s e p a r a t i o n  on t h e  wing. A t  supersonic   condi t ions  
(M = 1.201, i n c r e a s e s   i n   v e c t o r   a n g l e   r e s u l t   i n  small i n c r e a s e s   i n   l i f t   b u t   h a v e  
l i t t l e  e f f e c t  on t h e  polars over   the  angle-of-at tack  range  tes ted.  (See f i g s .   9 ( c )  
and 1 0 ( f ) . )  

Incremental  thrust-removed l i f t   c h a r a c t e r i s t i c s  for both   the   d ry   and  A/B power 
configurations  with  canard  on are g i v e n   i n   f i g u r e   1 2 .   I n c r e m e n t a l   l i f t  i s  t h e   d i f -  
ference  between  jet-on  and  jet-off  thrust-removed l i f t  and   gene ra l ly   r ep resen t s  jet-  
induced   supe rc i r cu la t ion   l i f t .   I nc remen t s  are p r e s e n t e d   i n   f i g u r e   1 2   f o r   b o t h   t h e  
wing-af terbody-nozzle  thrust-removed l i f t   c o e f f i c i e n t  C L , ~ ~ ~ ~  and t h e  wing- ' 

afterbody  thrust-removed l i f t   c o e f f i c i e n t  CL,a. (Note t h e   d i f f e r e n c e   i n   v e r t i c a l  
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scales between  fig. 11 and f i g .  12.)  Resul t s  are shown f o r  two values  of  angle  of 
a t t a c k  a t  each  of  the test Mach numbers. 

The t o t a l  wing-afterbody-nozzle  incremental l i f t  is gene ra l ly  much higher   than 
the  wing-afterbody  incremental  l i f t   i n  a l l  s i x  cases o f   f i gu re  12. "his i n d i c a t e s  
t h a t  most  of the j e t - i n d u c e d   l i f t  on the   conf igura t ion   occurs  on t h e   a f t   p a r t  of t he  
wing-af terbody-nozzle   sect ion  (nozzle   and  interfair ing)   and  not  on the  wing-body 
a lone .   Prev ious   s tud ies   have   ind ica ted   tha t   a lmost   ha l f   o f   the   induced  l i f t  occurs 
i n   t h e   v i c i n i t y  of t he   nozz le   ( r e f .   14 ) .  The small magnitude  of ACL,a may be  due 
t o   t h e  small s i z e  of t h e  wing r e l a t i v e  to  the  afterbody.  Since  most  of  the jet-  
induced l i f t   o c c u r s  on t h e   n o z z l e   a n d   i n t e r f a i r i n g ,   t h e   e f f e c t s  of  vectoring  should 
be more apparent  on ELIaerO, which  includes  forces on t h i s   p o r t i o n  of  the model. 
I n   f a c t ,   t h r u s t   v e c t o r i n g   h a s  a f a v o r a b l e   e f f e c t  on &L,aero a t  a l l  condi t ions  
g i v e n   i n   f i g u r e   1 2 ,   p a r t i c u l a r l y  a t  M = 0.60. The e f f e c t   o f   t h r u s t   v e c t o r i n g  on 

n o t   f u l l y   u n d e r s t o o d  why vec to r ing  has unfavorab le   r e su l t s  on the  wing-afterbody 
l i f t  CL a t  M = 0.90 and 1.20. 

is much smaller than  on ACL and is  favorable   on ly  a t  M = 0.60. It is 

, a  

Figure 1 2  summarizes the e f f e c t s   o f  a number of  aerodynamic  parameters on the  
i n c r e m e n t a l   l i f t  data. The wing-afterbody-nozzle  incremental l i f t   ( j e t - i n d u c e d   l i f t )  

and/or  nozzle power s e t t i n g  a t  a l l  Mach numbers tested. However, t h e   e f f e c t  of t hese  
parameters on wing-afterbody  incremental  l i f t  AC appears   to   be  Mach number 
dependent,   and  no  general   trends were observed  for  Induced l i f t  on the  wing alone. 

tends to  increase   wi th   increas ing   nozz le   p ressure  ratio,  angle   o f   a t tack ,  

L, a 

To show t h e   e f f e c t  of t h r u s t   v e c t o r i n g  on the   nozz le   p i tch ing  moment c o e f f i c i e n t  
i n c r e m e n t a l   p i t c h   c h a r a c t e r i s t i c s  are g iven   i n   f i gu re   13   fo r   bo th   t he   d ry  p o w e r  'm,n! 

conf lgura t ion   and   the  A / B  power configurat ion  with  canards  on.  The canard-off C,,, 
d a t a  showed similar t rends  and,   thus,  are p resen ted   on ly   i n   t he  tables. Incremental  
p i t ch ing  moment d a t a  (AC,,,) are presented as func t ions   o f   t h rus t   vec to r   ang le   fo r   an  
ang le  of a t t a c k  of Oo and Mach numbers  of 0.60, 0.90, and  1.20.  Incremental  pitch is 
the  computed d i f f e r e n c e  between the   nozz le   p i tch ing  moment c o e f f i c i e n t  a t  a p a r t i c u -  
lar  n o z z l e   p r e s s u r e   r a t i o  and the   nozz le   p i tch ing  moment c o e f f i c i e n t  a t  j e t -o f f  con- 
d i t i o n s ,  and is e s s e n t i a l l y   t h e   p i t c h i n g  moment due t o   v e c t o r e d  j e t  opera t ion .  

E f f e c t  of  Canards 

Je t -o f f   cha rac t e r i s t i c s . -  The e f f e c t  of f ixed   canards  on the  thrust-removed 
wing-afterbody-nozzle l i f t  and  drag data a t  j e t -o f f   cond i t ions  is p r e s e n t e d   i n   f i g -  
ure  14.  Only the   d ry  power r e s u l t s  are p l o t t e d ,   s i n c e   d a t a   f o r   t h e  A / B  power config-  
u r a t i o n  showed similar cana rd   e f f ec t s .  Note t h a t   t h e s e   r e s u l t s  were measured  on the  
wing-af te rbody-nozz le   and   re f lec t   on ly   the   aerodynamic   in te r fe rence   e f fec t   o f   the  non- 
metric part  of   the model ( forebody  p lus   f ixed   canard) ,   s ince   the   exhaus t  j e t  is o f f .  
There is a loss i n  wing-afterbody-nozzle l i f t  when the  canard is i n s t a l l e d  due t o  t h e  
canard downwash f l o w   f i e l d  on t h e  wing.  For a more real is t ic  fuselage-wing-canard 
conf igura t ion   wi th  a var iab le- inc idence   canard ,   th i s  loss i n  wing l i f t  would be com- 
pensa ted   fo r  by a c o m p a r a b l e   i n c r e a s e   i n   c a n a r d   l i f t  a t  low angles   o f   a t tack .  
Resul ts  similar t o   t h o s e  of f igure   14  are p r e s e n t e d   i n   f i g u r e   1 5   f o r   t h e   t h r u s t -  
removed wing-a f t e rbody   cha rac t e r i s t i c s  and i n d i c a t e   t h a t  the i n t e r f e r e n c e   e f f e c t s  
f o r  a f ixed   canard  are f e l t   p r i m a r i l y  on t h e  wing ( f o r  example,  compare f i g s .   1 4 ( a )  
and  15(a) 1 . 

Comparison  with  theory.- A comparison  of  the  jet-off  wing-afterbody-nozzle 
experimental  l i f t  (C, = CL,aero a t  j e t  o f f )  wi th   theore t ica l   wing-af te rbody-nozz le  
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l i f t  a t  M = 0.60  and 6v = Oo is p r e s e n t e d   i n   f i g u r e  16. Drag polars are a l s o  
compared i n   t h i s   f i g u r e .  The l i f t  c u r v e   f o r   p o t e n t i a l   f l o w  on the  wing-afterbody- 
nozzle  (CL,p,w) w a s  p red ic t ed  by the  method  of reference  15.  The l i f t  curves for  
v o r t e x - l i f t   t h e o r y  were computed by the  method of   reference  16.  A desc r ip t ion   o f   t he  
computational  procedure  used i n  t h i s  comparison is  g i v e n   i n   r e f e r e n c e  17. This 
method h a s   t h e   c a p a b i l i t y   o f   c o m p u t i n g   l i f t   f o r  a mult iplan€orm  configurat ion.  con- 
sequent ly ,   the  complete model  geometry,  including  both metric and  nonmetric  sections,  
w a s  used i n   t h e   l i f t  computation. "he f i r s t  p lanform  inc luded   tha t  par t  of  the model 
from the  nose (FS 0.00) t o   t h e   f i r s t  metric break (FS 99.06);  the  second  planform 
cons i s t ed  of t h a t  part  of  the model  from t h e   f i r s t  metric break  to   the  end  of   the 
nozz le .   In   t h i s   compar i son ,   on ly   t he   t heo re t i ca l   r e su l t s  on the  wing-afterbody- 
nozzle  are discussed.  

The l i f t  curves i n  f i g u r e  16 show good agreement  between  experimental  data  and 
theory up to   an   ang le  of a t t a c k  of about   loo   for   the   canard-on   case .  The comparison 
between  the  theoret ical   and  experimental   resul ts   for   the  canard-off   case  probably 
i n d i c a t e s   t h a t   t h e r e  is l i t t l e   o r  no vo r t ex   l i f t   be ing   deve loped  on the  wing. This 
r e s u l t  i s  probably  due  to  the  camber, t w i s t ,  and  leading-edge  sweep  of  the wing  and 
to   the  leading-edge  radius .  However, t he   t heo ry   does   p red ic t   t he  loss i n  wing l i f t  
due   to   the   addi t ion  of the  canard.  

The comparison  between  experimental   and  theoretical   drag  curves is not   as  good 
as the   l i f t   cu rve   compar i sons .   Theore t i ca l   d rag   po la r s  were computed for   bo th   zero  
and f u l l  leading-edge  suction. The experimental   drag  polars   should  be  s imilar   to   the 
t h e o r e t i c a l   d r a g   p o l a r s   f o r   z e r o   l e a d i n g - e d g e   s u c t i o n   i f   t h e  wing has  a sha rp   l ead ing  
edge  and i s  uncambered. However, i n   t h i s   c a s e ,   t h e  wing  has a small  leading-edge 
radius,  camber,  and t w i s t  so t h a t  a s u c t i o n   d i s t r i b u t i o n  is  produced,  but it is below 
t h e   l e v e l  of f u l l  leadinq-edge  suction. Thus, the  experimental   drag  polar  data l i e  
i n  between the   t heo re t i ca l   p red ic t ions   fo r   ze ro   and   fu l l   l ead ing -edge   suc t ion .  

J e t -on   cha rac t e r i s t i c s . -   Se l ec t ed   ca ses  of   je t -on  data  are p resen ted   i n   f i g -  
u r e  17 t o  show t h e   e f f e c t s  of   canards  and  thrust   vector ing on the  thrust-removed 
wing-af terbody  aerodynamic  data .   These  cases   are   typical   of   the   experimental   resul ts  
a t   o t h e r  Mach numbers  and nozz le   p re s su re   r a t io s .  The l i f t  curves show the  same 
canard   e f fec t   d i scussed   prev ious ly ,   tha t  is ,  a r e d u c t i o n   i n  wing-body l i f t  when the  
canard is i n s t a l l e d .  

To summarize  the  effects of t h e   f i x e d   c a n a r d   i n s t a l l a t i o n  on th rus t   vec to r ing ,  
incremental  l i f t   c h a r a c t e r i s t i c s   a r e   p r e s e n t e d   i n   f i g u r e   1 8  €or both  the  dry power 
and A/B power c o n f i g u r a t i o n s .   I n   t h i s   c a s e ,   i n c r e m e n t a l   l i f t  is the   d i f fe rence  
between l i f t   a t  6, > Oo and l i f t  a t  6 = Oo for  the  wing-afterbody. The resul ts  
i n d i c a t e   t h a t   i n s t a l l i n g   t h e   c a n a r d  had  gnly small e f f e c t s  on t h e   i n c r e m e n t a l   l i f t  
due t o   t h r u s t   v e c t o r i n g .  These r e s u l t s  are c o n s i s t e n t   w i t h   t h e   r e s u l t s   p r e s e n t e d   i n  
re ference  14  f o r  a configurat ion  with an aft-swept wing.  Reference 14 a l s o   i n d i c a t e d  
l i t t l e  o r  no e f f e c t  on i n c r e m e n t a l   l i f t   f o r  a n  aft-swept wing-body conf igura t ion   wi th  
the  nonmetric  canard a t   d e f l e c t i o n s  of f 5 O .  

CONCLUDING REMARKS 

An i nves t iga t ion   has  been  conducted in  the  Langley  16-Foot  Transonic  Tunnel t o  
de te rmine   the   aeropropuls ive   charac te r i s t ics  of twin  single-expansion-ramp  nozzles 
i n s t a l l e d   i n  a  wing-body configuration  with  forward-swept  wings. The conf igu ra t ion  
was tested  with  and  without  canards.  The test  condi t ions  included  f ree-s t ream Mach 
numbers  of  0.60, 0.90, and 1 .20, an  angle-of-attack  range  from -2O to  1 4 O ,  and a 
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nozzle-pressure-ratio  range  from 1.0' ( j e t  o f f )  t o  9.0. The Reynolds number based on 
the  wing mean aerodynamic  chord  varied  from 3 .O X 1 O6 t o  4.8 X 1 06, depending on Mach 
number . 

The aerodynamic  data were analyzed to de te rmine   t he   e f f ec t s   o f   t h rus t   vec to r ing  
and  the  effects   of  the canard.   Thrust   vector ing  had  no  effect  on the   angle   o f   a t tack  
f o r   t h e   o n s e t  of  f low  separation on the  wing b u t   r e s u l t e d   i n   r e d u c e d   d r a g  a t  angle- 
of -a t tack   va lues   above   tha t   regui red   for  wing   f low  separa t ion .   Resul t s   ind ica te   tha t  
t h r u s t   v e c t o r i n g  had a f a v o r a b l e   e f f e c t  a t  a l l  test condi t ions  on the  wing-afterbody- 
nozzle l i f t   b u t  was less favorable  on the   wing-af te rbody  l i f t .  Most of the  induced 
l i f t  due to   vec to r ing   occu r red  on the nozz le   and   i n t e r f a i r ing ,   no t  on the  wing. 
Final ly ,   the   canard w a s  found to  have little e f f e c t  on t h e   t h r u s t - i n d u c e d   l i f t  
r e s u l t i n g  from  vector ing,   s ince  canard  effects   occurred  pr imari ly   on  the wing. 

Langley  Research  Center 
National  Aeronautics  and  Space  Administration 
Hampton, VA 23665 
February 10, 1983 
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APPENDIX 

DATA REDUCTION AND CALIBRATION PROCEDURE 

Cal ibrat ion  Procedure 

The main balance  measured  the  combined  forces  and moments due to   nozz le   g ros s  
t h r u s t  and t h e   e x t e r n a l   f l o w   f i e l d   o f   t h a t   p o r t i o n  of t he  model a f t  of FS 99.06. The 
thrust   balance  measured  forces  and moments due to   t he   nozz le   g ros s   t h rus t   and   t he  
ex terna l   f low  f ie ld   exer ted   over  the n o z z l e   b o a t t a i l   a n d   i n t e r f a i r i n g   a f t  of 
FS 132.08.  Because the   cen te r   l i nes   o f   t he   fo rce   ba l ances  are located  above  and 
below the  j e t  c e n t e r   l i n e   ( f i g .  4 ) ,  force  and moment i n t e r a c t i o n s   e x i s t  between  the 
bel lows-f low  t ransfer  system ( f i g .  5) and the   force   ba lances .  

Consequently,   single and  combined ca l ib ra t ion   l oad ings  of  normal  and a x i a l   f o r c e  
and p i t ch ing  moment were made with  the  completely  assembled model i n s t a l l e d   i n   t h e  
tunnel .   In   addi t ion,   wi th  wedge nozzle 1 of   reference 11 i n s t a l l ed ,   l oads  were 
app l i ed   t o   t he  model with  the j e t  operat ing.   This  wedge nozzle  w a s  used  instead  of  
t he  ASME-type ca l ib ra t ion   nozz le s  used p rev ious ly   ( r e f .  1 1 )  because  of   the  avai labi l -  
i t y  of a c a l i b r a t i o n   f i x t u r e  upon  which loadings  could  be made s e p a r a t e l y   t o   e a c h  
balance  with  the model fully  assembled. Use of t he  ASME-type nozzles would  have 
necessitated  complete  disassembly  of  the  model,   which  could  have  altered some of   the 
c a l i b r a t i o n   r e s u l t s .  The c a l i b r a t i o n   r e s u l t s   w i t h   t h e  wedge nozzle  agreed  with  pre- 
vious  data   within 1 / 2  percent  on sonic   nozzle   discharge  coeff ic ient ,   and  within  force 
balance  accuracy on fo rces  and  moments. 

The c a l i b r a t i o n s  were  performed  with  the je ts  ope ra t ing   because   t h i s   cond i t ion  
g ives  a more realistic e f f e c t  of pressurizing  the  bel lows  than  does  capping  off   the  
nozzles  and  pres 'surizing  the  f low  system. However, loadings  were  a lso  done  in   the 
axial-force  direct ion  with  the  f low  system  capped  off   and  pressurized,   and  this  
method ind ica t ed  no e f f e c t  on the   ax ia l   force   measured  by t h e  main balance.  Thus, i n  
a d d i t i o n   t o   t h e  u s u a l  b a l a n c e   i n t e r a c t i o n   c o r r e c t i o n s   a p p l i e d   f o r  a s i n g l e   f o r c e  
balance  under combined loads ,   ano the r   s e t  of i n t e r a c t i o n s  were made t o   t h e   d a t a  from 
t h i s   i n v e s t i g a t i o n  t o  account   for   the  combined l o a d i n g   e f f e c t  of t he   ba l ance   w i th   t he  
bellows system. These   ca l ibra t ions  were  performed  over a range  of  expected  normal 
fo rces  and p i t ch ing  moments. The interact ions  can  be  determined by e i t h e r   s i n g l e   o r  
combined  loadings. 

Data  Adjustments 

In   o rder   to   ach ieve   des i red   ax ia l - force-minus- thrus t  terms, t h e   a x i a l   f o r c e s  
measured by both  force  balances mus t  a l s o  be co r rec t ed   €o r   p re s su re -a rea   t a r e   fo rces  
a c t i n g  on the  model  and f o r  momentum tare forces   caused by flow i n  the  bellows. The 
e x t e r n a l   s e a l  and i n t e r n a l   p r e s s u r e   f o r c e s  on the  model  were obtained by mul t ip ly ing  
the   d i f fe rence   be tween  the   average   p ressure   (ex terna l  seal o r   i n t e r n a l   p r e s s u r e s )  and 
free-s t ream s ta t ic  pressure by t h e   a f f e c t e d   p r o j e c t e d   a r e a   n o r m a l   t o   t h e  model a x i s .  
The  momentum tare fo rce  was determined  from  calibrations  using  the wedge n o z z l e   p r i o r  
t o   t h e  wind tunne l   i nves t iga t ion .  

Axial   force minus t h r u s t  w a s  computed  from the  main ba l ance   ax ia l   fo rce  from the  
fo l lowing   re la t ionship :  
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where FA,Mbal i n c l u d e s  a l l  p re s su re   and   v i scous   fo rces ,   i n t e rna l   and   ex te rna l ,  on 
both  the  af terbody  and  thrust   system. The second  and  third terms account for  t h e  
forward seal r i m  a n d   i n t e r i o r   p r e s s u r e   f o r c e s ,   r e s p e c t i v e l y .   I n  terms of an   ax ia l -  
fo rce   coe f f i c i en t ,   t he   s econd  term ranges from -0.0001 t o  -0.0007, and   t he   t h i rd  term 
v a r i e s  k0.0075, depending upon Mach number and   pressure  ra t io .  The i n t e r n a l  pres- 
s u r e  a t  any  given set  of test  condi t ions  w a s  un i form  throughout   the   ins ide   o f   the  
model, t hus   i nd ica t ing   no   cav i ty   f l ow.  The momentum tare  force FA,mom is a momen- 
tum tare c o r r e c t i o n   w i t h  je ts  opera t ing   and  i s  a funct ion  of   the  average bellows 
in te rna l   p ressure ,   which  is a f u n c t i o n   o f   t h e   i n t e r n a l  chamber p r e s s u r e   i n   t h e   s u p p l y  
pipes j u s t  ahead of the s o n i c   n o z z l e s   ( f i g .  5 ) .  Although  the bellows were designed 
t o  minimize momentum a n d   p r e s s u r i z a t i o n  tares, small bellows tares s t i l l  e x i s t   w i t h  
t h e  j e t  on. These tares r e s u l t  from small pressure   d i f fe rences   be tween  the   ends   o f  
t h e  bellows when i n t e r n a l  veloci t ies  are high  and a lso from small d i f f e r e n c e s   i n   t h e  
forward  and a f t  bellows s p r i n g   c o n s t a n t s  when the  bel lows are pressurized.  

Nozz le   ax i a l   fo rce  minus t h r u s t  is computed from a similar r e l a t i o n s h i p :  

where FA,Tbal t h r u s t  s y s  tern . i nc ludes   nozz le   t h rus t   and   t he   i n t e rna l  pressure f o r c e s   a c t i n g   o n   t h e  

Since  both  balances are o f f s e t  from t h e  model c e n t e r   l i n e ,  similar adjustments 
are made t o  t h e   p i t c h i n g  moments measured by both  balances.   These  adjustments are  
necessary   because   bo th   the   p ressure  area and  bellows momentum tare f o r c e s  are assumed 
to  ac t  a long   the  model c e n t e r   l i n e .  The pitching-moment t a re  is  determined by multi-  
p l y i n g   t h e  tare f o r c e  by t h e   a p p r o p r i a t e  moment arm and  substract ing  the  value  f rom 
the  measured  pitching moments. 

Thrust-Removed C h a r a c t e r i s t i c s  

The r e s u l t i n g   f o r c e   a n d  moment c o e f f i c i e n t s  from  the main b a l a n c e   i n c l u d e   t o t a l  
l i f t  c o e f f i c i e n t  CL, drag-minus- thrus t   coef f ic ien t  C ( D - F ) ,  a n d   t o t a l   p i t c h i n g  
moment c o e f f i c i e n t  Cm. Force and moment c o e f f i c i e n t s  f rom  the   th rus t   ba lance  are 
nozzle  l i f t  c o e f f i c i e n t   i n c l u d i n g   t h r u s t  component CL n, nozzle  drag-minus-thrust  
c o e f f i c i e n t ,  C(Dn-F) ,  and   nozz le   p i tch ing  moment c o e f t i c i e n t  Cm,n. 

Thrust-removed  aerodynamic  force  and moment c o e f f i c i e n t s  for t h e   e n t i r e  model 
were obtained by de termining   the   components   o f   th rus t   in   ax ia l   force ,   normal   force ,  
and   p i tch ing  moment, and  substract ing  these  values   f rom  the  measured t o t a l  
(aerodynamic-plus-thrust) forces and moments. These t h r u s t  components a t  forward 
speeds were determined  from  measured s ta t ic  data and were a func t ion  of t h e   f r e e -  
stream s t a t i c  and  dynamic  pressures. ,This p r o c e d u r e   r e t a i n s   e x t e r n a l   f l o w   e f f e c t s   o n  
thrus t   in   the   th rus t - removed  aerodynamic   coef f ic ien ts .  These e f f e c t s   c a n  be l a r g e  
f o r  SERN-type configurat ions.   Thrust-removed  aerodynamic  coeff ic ients  are 

'L, aero = CL Jet l i f t  c o e f f i c i e n t  

CD = c + T h r u s t   c o e f f i c i e n t  
( D-F 
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Thrust-removed  coeff ic ients   for   the wing  body are obtained by simply  combining 
the  measured  results  from  both  force  balances as fol lows:  

cL, a = c L - c  L, n 

‘m, a = cm - ‘m, n 

It  should  be  noted  that   the  external  aerodynamic  forces on t h e   n o z z l e   ( a f t  of 
FS 132.08) are a l s o  removed by t h i s  method. 

14 
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TABLE I.- AERODYNAMIC CHARACTERISTICS FOR  SERN,  DRY POWER, CANARD ON 
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TABLE I.- Continued 

YPR 

3,SO 
3.51 
3,119 
3,50 
3 .50  
3 , s o  
3 ,50  
9,OZ 
s,on 
5,OO 

5.00  
5,00 

I . o s  
1 ,os 
1.03 
1,03 
1 .OU 
1 * o u  
1 ,nu 
1 . 0 4  
2.03 
2.00 
2 . 0 0  
2 . 0 4  
2 .01  
3.50 
3.52 
3.52 
5 . 5 1  
3,51 
) , a 5 2  
5.51 
3,51 
9.01 
U , Q 9  
5 , b l  
5,02  
5.01 
I .nZ 
1 . O L  
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TABLE I.- Continued 

NPR 

5.01 
5 , n o  
5 . 0 2  
11.99 
7,02 
7,171 
6 . 9 8  
7.01 
7 . 0 1  
1 ,Ob 
1 .F7 
1.07  
1.07 
1 .n7 
1 - 0 6  
1 a 0 4  
1 , n a  
3,54 
5,119 
3151 
3,51 
3.52 
5.01 
5 . 0 0  
5 . 0 1  
U,99 
5,00 
5.01 
4 ,99 
S . a O 1  

c 7’ 
7 7  

a 7 8  
a 80 
. A 0  
.00 
a 77 

5.01 
4.99 

C D A E R D  

, 1222 
, 1678 
,2695 
, 3u97 
,0541 , 06.23 
. I 6 1 1  
,2618 
, 5 4 2 1  
.os20 
, 0495 
, OS68 
, 0757 

1 066 
, 155Q 
, 2550 
, 5567 
.Ob91 
, 0 9 5 5  
, 1733 
,2765 
a 35% 
a0706 
,0693 
,0771 
,0951 
, l E S 2  
,1710 
,2749 
,3578 
, 1151 
* 1103 
, I146 
,1511 
, 1595 
, 19’lb 
,2986 
, 1 O Q 4  
a 1278 
, 1970 

CDA CMA 
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M A r W  NPR ALPHA 

0.99 12,OJ 
T.01 -lr99 

T , O O  2,08 
T - 0 0  4 , O E  
7.00 b,O2 
T a O l  0,011 

ba98 ? 0 1  

7p02 12?0S 
Q a O l  ,Ol 
n,97 1,011 
9.nn .o,o3 
9aOO I E r 0 3  
,I1 -2,oo 
a01 P O 2  
.n2 
,ns U,OZ 

b,bl 
a 8 6  6,OI 

s,oo ?O5 
0,99 4,OP 
S a 0 1  8,05 
T.01 -2,OO 
T.00 ? O l  
7,OO 2,0! 

7.00 6 , 0 3  
T,Ot  0,05 
9pOO ,03 
9.02 4-02 

T , O O  O , O Y  



TABLE 11.- AERODYNAMIC CHARACTERISTICS FOR SERN, DRY POWER, CANARD OFF 

C D A C R O  

,0401 
, 0 3 1 0  
a O ~ l 3  
a 0500  
,0663 
,0913 

1968 
,2845 
, 0 4 0 5  
.0439 
,OUsb 
,0559 
,0719 
, 0885 
,2060 
, 2970  
, 0 4 1 0  
,0384 
,0442 
,0545 
,0722 
,1001 
,2052 
,EPUI? 
,0487 
,0475 
,0556 

Ob90 
a 0099  
, 1176  
a 2260 
. 3 1 T q  
, 0 0 2 1  
, 0398  
aO4bl  
, 0 5 9 0  

a I 0 3 7  
,2085 
,2993 

a 0768 
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,06&1 
, 0 bSS 
, O7SE 
e0918 
I 1  141 
, 1 uuu 
,2Sl6 
,3447 
.OS53 
.0465 
* 0UPO 
e Ob44 
e O 9 U b  
, 1453 
,0562 
, 0 4 8 4  
,0539 
.OIOi! 
e 1035 
e 1556 
,0569 
,0495 
,0537 
,0701 
e 1003 
e lU88  
e 1657 

0724 , O6h9 
,0716 , 0895 
,1191 
e 1435 
,0583 
,051! 
,0560 
,0733 
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(b) Bottom view. 

Figure 1 .- Photographs of model. 
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Figure 2.- General  arrangement of model. A l l  l inear   dimensions  in   Cent imeters .  
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Figure 4.- Sketch of twin-jet   propuls ion  s imulat ion 
dimensions are in   cen t ime te r s   un le s s  

system  with  upright 
otherwise  noted. 

SERN. A l l  
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Figure 5.- Detai ls  of bellows  arrangement  used t o   t r a n s f e r  air  from the nonmetric 
to  metric  portions of the  model. 
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Figure 6.- Details of the single-expansion-ramp  nozzle (SERN) (maximum vector ing 
range   ind ica ted) .  A l l  dimensions are in   cen t imeters   un less  otherwise noted. 
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L-77-1120 
(a) TOP view. 

L-77-1124 
(b) Bottom view. 

Figure 7 .- Photographs of the single-expansion-ramp nozzle.  
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Figure 8.- General  arrangement of model. All dimensions are in   cent imeters   unless   otherwise  noted.  



" 
-4 0 4 8 12 16 -.% -. 32 -.28  -.24 -.2O -. 16 -. 12 -. 08 -. 04 

a, deg 
'( D-F) 

( a )  M = 0.60; NPR = 3.5. 

Figure 9.- E f fec t  of th rus t   vec to r   ang le  on to ta l  wing-afterbody-nozzle  aerodynamic 
characteristics. Canard  on; d ry  power. 

- - . . .. . 



1.4 

1.2 

1.0 

. 8  

cL 

.6 

. 4  

.2 

W 

- 4  0 4 8 12 -. 20 -. 16 -. 12 -. 08 -. 04 0 .04 .08 .12 .16 .20 
a, deg 

'( D-F) 

(b) M = 0.90; NPR = 5.0. 

Figure 9.- Continued. 
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( a )  M = 0.60; NPR = 1 .O. 

Figure 10.- Ef fec t  of t h rus t   vec to r ing  on thrust-removed  wing-afterbody-nozzle 
aerodynamic  character is t ics .  Canard  on; dry  power. 



‘L, aero 

(b) M = 0.60; NPR = 3 . 5 .  

F i g u r e  10  .- Cont inued .  
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(c) M = 0.90; NPR = 1.0. 

Figure 10 .- Continued. 
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( d )  M = 0.90; NPR = 5.0. 

Figure 10 .- Continued.  
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(e )  M = 1.20; NPR = 1.0. 

Figure 10 .- Continued. 



(f) M = 1.20; NPR = 7.0. 

Figure  10 .- Concluded. 
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Figure 11.- E f fec t  of th rus t   vec to r ing  on thrust-removed  wing-afterbody  aerodynamic 
cha rac t e r i s t i c s .   c ana rd  on;  dry power. 
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Figure 1 1  .- Continued. 
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Figure 1 1 .- Continued. 



( d )  M = 0.90; NPR = 5.0. 

F i g u r e  1 1  .- Cont inued .  
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Figure 1 1 .- Continued. 
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Figure 1 2  .- Continued. 
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Figure 13.- E f f e c t  of th rus t   vec to r   ang le   on   i nc remen ta l   nozz le   p i t ch ing  moment. 
Canard  on; a = 0'. 
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Figure 14.- Effec t  of canard on thrust-removed  wing-afterbody-nozzle  aerodynamic 
cha rac t e r i s t i c s .  Dry power; 6 = Oo; NPR = 1 .O. 
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Figure 14 .- Continued. 
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Figure 15.- E f fec t  of canard on thrust-removed  wing-afterbody  aerodynamic 
c h a r a c t e r i s t i c s .  Dry power; 6 = 0 ' ;  NPR = 1.0. 
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(b) M = 0.90. 

Figure 15.- Continued. 
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Figure 15.- Concluded. 
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aerodynamic  character is t ics .  Dry power; M = 0.60; NPR = 3 . 5 .  
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